Bursts of energetic particle showers have been observed in coincidence with downward propagating negative leaders in lightning flashes by the Telescope Array Surface Detector (TASD).
Introduction
Terrestrial gamma ray flashes (TGFs) are bursts of gamma rays initiated in the Earth's atmosphere, first reported in 1994 from the Burst and Transient Source Experiment (BATSE) on the Compton Gamma-Ray Observatory satellite [Fishman et al., 1994; Kouveliotou, 1994] .
Since then, a number of observations have shown that satellite-detected TGFs are produced by lightning flashes. In particular, the observations indicate that the TGFs are produced by relativistic runaway electron avalanches (RREAs) [Dwyer and Smith, 2005; Dwyer, 2008 Dwyer, , 2012 Dwyer et al., 2012b] , within the first few milliseconds of upward intracloud (IC) flashes [Stanley et al., 2006; Shao et al., 2010; Lu et al., 2010; Cummer et al., 2011 Cummer et al., , 2015 Lyu et al., 2016] . In normally-electrified storms, intracloud flashes occur between the main mid-level negative and the upper positive charge region. They typically begin with upward-developing negative breakdown (e.g. Shao and Krehbiel [1996] and Behnke et al. [2005] ), thus their detection in overhead satellites.
Since their discovery, an important question has been whether TGFs can be detected at ground level. Four gamma-ray observations have been detected by ground experiments: two of the experiments have reported observations of gamma-rays after the return stroke, indicating that gamma rays seen on the ground may originate from a mechanism different from that of the previous TGF satellite events . Dwyer et al. [2012a] at the International Center for -3-Lightning Research and Testing (ICLRT) and Tran et al. [2015] at the Lightning Observatory in Gainesville (LOG) reported observing gamma-rays during the first stroke of a natural -CG flash, about 200 µs after the beginning of the upward return stroke. The other two, Dwyer et al. [2004] and Hare et al. [2016] at the ICLRT reported gamma-ray observations in association with upward positive leaders in rocket-triggered lightning. Both occurred several kilometers Above Ground Level (AGL).
The fact that satellite-detected TGFs appear to be produced during upward negative breakdown at the beginning of intracloud discharges suggests that TGFs should also be produced by the downward negative breakdown that occurs at the beginning of -CG flashes. In this paper we present the first observations that this indeed happens. In particular, we report detections of TGF-like particle showers detected by Telescope Array (TA) cosmic ray facility in western Utah. The detections were identified by correlating Telescope Array Surface Detector (TASD) events with lightning data from the National Lightning Detector Network (NLDN), a Lightning Mapping Array (LMA), and electrostatic field change (∆E) measurements. From measurements obtained over a 2.5-year period between 2013 and 2016, a total of ten TGF bursts were identified for which 3-D LMA or ∆E lightning measurements were available. In each case the parent flash was a -CG discharge and the burst occurred within the first or second millisecond of the flash.
Previous ground-based x-and gamma-ray observations have primarily utilized NaI detectors, but with limited areal coverage. The TASD of the present study utilize large-area (3 m 2 ) plastic scintillators that are optimized for detecting high-energy charged particles produced in cosmic ray air showers. While lacking the ability to measure the energy of individual particles, the TASD response time is roughly ten times faster than that of NaI detectors.
Moreover, the TASD covers an area hundreds of times larger than other ground-based detectors of lightning-associated events, making it the largest lightning detector to date. The addition of an LMA network and ∆E observations to the TASD has provided us with a unique suite of instruments for studying TGF phenomena.
2 Telescope Array, and Lightning Mapping Array, and Slow Antenna Detectors
The Telescope Array Surface Detector
The Telescope Array (TA) is located in the southwestern desert of the State of Utah, and was commissioned with the primary goal of detecting Ultra High Energy Cosmic Rays (UHECRs). It is composed of a 700 km 2 Surface Detector array (SD), overlooked by three -4-Fluorescence Detector (FD) sites [Abu-Zayyad et al., 2013a] (See Fig. S1 ). The FD, which operates on clear moonless nights (approximately 10% duty cycle) provides a measurement of the longitudinal profile of the Extensive Air Shower (EAS) induced by the primary UHECR, as well as a calorimetric estimate of the EAS energy. The SD part of the detector, with 100% duty cycle, provides shower footprint information including core location, lateral density profile, and timing, which are used to reconstruct shower geometry and energy.
The TASD is currently comprised of 507 scintillator detectors on a 1.2 km square grid.
Each detector unit consists of two 3 m 2 scintillator planes, each plane is 1.2 cm thick. The After a trigger is established, the arrival timing and lateral distribution of the event is used to reconstruct the event's arrival direction and energy. While the TASD is designed to provide good timing information for high-energy charged particles produced in cosmic-ray induced EAS, measuring energy for individual particles is not possible. Rather, the energy of the EAS (and hence the primary cosmic ray) is estimated by counting the effective number of MIPs in the individual scintillator, as a function of the lateral distance from the shower core.
-5- To understand the response of the TASD to photons and low-energy electrons we performed a detailed Geant4 [Agostinelli et al., 2003; Allison et al., 2006] simulation of the individual scintillator response [Ivanov, 2012] . The detector steel and scintillators were included in the simulation, along with supporting structure, as was the earth under the detector which could contribute to signal via backscatter. Energy deposited in the upper and lower planes of scintillator is recorded as a function of incident particle energy for a large number of primary particles incident on the virtual scintillation detector. Mean energy deposit was recorded in the upper and lower scintillator as a function of incident particle energy as shown in Fig 
The Lightning Mapping Array and Slow Antenna
The Lightning Mapping Array (LMA) was developed by the Langmuir Laboratory group at New Mexico Tech [Rison et al., 1999; Thomas et al., 2004] . The LMA produces detailed 3-D images of the VHF radiation produced by lightning inside storms. A ninestation network of sensors was deployed in 2013 over the 700 km 2 area covered by the TA detector. It detects the peak arrival time of impulsive radio emissions in a locally unused TV channel, in this case U.S. Channel 3 (60-66 MHz). In radio-quiet areas such as the south--6-western Utah desert, the LMA detects VHF emissions over a wide (>70 dB) dynamic range, from ≤10 mW to more than 100 kW peak source power. Cell data modems connect each station into the internet, allowing decimated data to be processed in real time and posted on the web, and for monitoring station operation.
During 2014, a slow antenna (SA) recorded electric field changes of the lightning discharges. The SA was located in the center of the TASD and continuously recorded 10 kHz, 24-bit sampled data from a downward-looking flat plate sensor (e.g., Krehbiel et al. [1979] ).
The data were stored locally on 256 GB SD cards, and accurately measured electric field changes over the range of 10 mV/m to 10 kV/m with a decay time constant of 10 seconds.
Observations
Following Okuda [2016] , we searched for candidate lightning events in the TASD dataset by identifying instances in which "bursts" of consecutive TASD triggers were recorded in 1 ms time intervals. Since the TASD mean trigger rate from cosmic ray event is less than 0.01 Hz, it is extremely unlikely that such bursts could be caused by the accidental coincidence of high-energy cosmic rays. Figure 2 shows an example of a typical set of SD waveforms and the corresponding TASD footprint from a trigger burst event. As in the standard TASD analysis for cosmic rays, the integrated area under the photomultiplier waveform, relative to that expected for a single minimum-ionizing muon, gives the Vertical Equivalent Muon (VEM) count by which each SD trigger is characterized. One VEM corresponds to 2.05 MeV of energy deposited in the 1.2 cm thick scintillator. The footprint plot shows the VEM counts for each participating surface detector, with size proportional to the logarithm of the total energy deposited.
The waveforms recorded in the lightning-correlated bursts are different from those observed for cosmic rays as shown in Fig. S3 . In a typical cosmic ray event, the photomultiplier waveforms for SDs near the core (center-of-energy deposit) of the event are characterized by a single sharply defined shower front followed by a tail consistent with the expected shower thickness for a log normal-like signal. The upper and lower scintillator waveforms are wellmatched [Abu-Zayyad et al., 2013b] . In contrast with this, the waveforms recorded during lightning bursts tend to show a slower rise and fall in the signal waveform. Also, the upper and lower scintillator waveforms are not well matched, due to inefficient conversion of photons in the scintillator detectors. 
LMA-Correlated TASD Bursts
Due to being operated in a remote location with minimal maintenance and support, the LMA and slow antenna coverage was intermittent during the 3-year period between 2013 and 2016. However, three TASD bursts were observed in coincidence with LMA activity during this time. To obtain a more complete picture of the temporal correlations, the zoomed-in panels (right side of Figure 3) show additional LMA sources having relaxed goodness-of-fit values (starred symbols). The altitudes of the these and the higher power sources often have significant error, due to being non-impulsive, VHF-noisy events. The timing and source powers of the events are reasonably well-determined, however, and show that several TASD triggers were associated with high power LMA events. The correlated NLDN observations had peak current values of between 9 and 22 kA ( Figure 3b, d and Table S1 ).
-8- (Table S1) , and is likely due to the lower source altitude. Still in need of resolution within this interpretation however is the fact that the earlier triggers of FL3 had similar footprints on the ground ( Figure S5 ) as the higher altitude events of FL1 and FL2.
The TGF-producing flash reported by Dwyer et al. [2012b] (their Figure 1) produced a similarly strong radiation burst in the final stages of the flashâĂŹs initial leader. Their prestroke leader activity was determined to be produced by x-rather than gamma-rays. However that is unlikely to be the case here: The absorption length of photons with energy less than 100 keV would be of order 10 meters, far too short to produce the minimum several-square kilometer footprint required by all TASD triggers.
Slow Antenna-Correlated TASD Bursts
Slow electric field change observations were available only during the 2014 storm season. Seven TASD trigger bursts were correlated with the observations. The flashes occurred on three different days in 2014, during times when LMA data was not available. Nevertheless, the slow antenna waveforms are readily understood [Krehbiel et al., 1979] . As seen for flashes FL1 and FL2 of the LMA correlations, the TASD trigger bursts occurred in the first millisecond of the flash for each of the seven events.
Two events (flashes FL4 and FL8), had normal-duration initial leaders (28 ms and 14 ms) and typical peak currents (-12.2 and -11.7 kA). Of the remaining five events, three continuing current discharges to ground. The left side panels cover the entire burst, while the right side details a particular feature.
-11-duration leaders (1.5-2.5 ms) and correspondingly strong return strokes (-140 kA and -101 kA peak). Thus the TASD trigger were not exclusively associated with energetic leaders.
The observations are illustrated in Figure 4 , which shows correlation results for flashes 5, 7, 8 and 10 (the rest of flashes are shown in Fig. S4 ). The overall ∆E waveforms are characteristic of multiple-stroke negative cloud-to-ground discharges (left panels). Of interest here is the duration of the TASD bursts relative to the leader duration. As can be seen qualitatively from the plots, except for FL5, the burst durations are a relatively small fraction of the leader duration. The fractional durations for (FL7,FL8, and FL10) of Fig. 4 are 3.4%, 2.1%, and 10%. Assuming for simplicity the leaders were nominally 5 km in length and
propagated to ground at a constant speed, the above percentages indicate extents of 170 m, 100 m and 500 m for the burst periods. For comparison, the stepping lengths of upward negative breakdown at the beginning of intracloud flashes is 500 m (Rison et al. [2016] ). Because the stepping lengths will be shorter at the lower altitude (higher pressure), the above values are qualitatively consistent with the bursts being associated with the stepping of the initial breakdown of the flash. The fractional duration for FL5 is approximately 22%, the TASD triggers are probably indicative of separate events during the leader descent but are also perhaps the result of an extensive burst similar in duration to bursts reported by [Dwyer et al., 2012a; Tran et al., 2015; Dwyer et al., 2004; Hare et al., 2016] .
A future, more detailed analysis of the TASD bursts will utilize timing information in the surface detectors to determine precisely the arrival directions of the lightning-correlated showers. The current TASD measurements show the activity to be temporally resolved into discrete few-microsecond sub-events ( Fig. S9-S11 ) which last over a duration of a few hundred microseconds. Careful use of the TASD timing information will allow the origins of these sub-events to be resolved.
Discussion
In this paper we report observations of energetic particle showers produced during downward initial negative breakdown at the beginning of cloud-to-ground and low-altitude intracloud flashes. Such breakdown is the downward analog of upward negative breakdown at the beginning of normal-polarity intracloud discharges, increasingly determined to be the primary cause of terrestrial gamma-ray flashes detected by satellites. The present results support the prediction that downward TGFs are similarly produced during the initial breakdown -12-of the negative cloud-to-ground (-CG) discharges. The observations differ to those reported for other ground-based observations of TGFs, in that they do not occur during upward positive breakdown of triggered flashes, or during the later stages of -CG return strokes. The
TGFs observed by the TASD occur in the beginning stage of negative breakdown, which is likely the most fundamental generating process.
Direct measurement of the photon energy spectrum of the TASD trigger burst showers is not possible with thin scintillator detectors. However, much about the nature of the showers can be inferred from the fact that the showers passed through substantial atmosphere of 1 km or more, and several millimeters of surface detector steel before depositing energy in the scintillator. Note that gamma showers with energies above 100 keV have an attenuation length of order 100 meters at the elevation of the TA detector. To investigate this, we performed a series of Geant4 [Agostinelli et al., 2003; Allison et al., 2006] simulations in order to model the propagation through the atmosphere and the expected TASD response to downward-directed photon showers with primary energies between 100 keV and 100 MeV.
(We find that no detectable energy is deposited in the TASD scintillator by primary photons with energy of less than 100 keV starting at altitudes greater than one kilometer above ground level.) Photons were generated according to a RREA spectrum
where E is the photon energy above 10 keV [Xu, 2015] . Based on our observation of the shower footprint size and leader altitudes, particles are assumed to be forward beamed within a cone of half-angle 16 • . The angular distribution is assumed to be isotropic within that cone. Particles are then tracked through the atmosphere and a model of the TASD as described in Section 2.1. The TASD-observed maximum VEM (Table S1) 
Conclusion
Taken together, the ground level observations presented here satisfy the general description of downward-directed Terrestrial Gamma Flashes associated with downward negative lightning leaders. The key points include:
• Bursts of radiation commencing in the first 1-2 ms of leader formation.
• Burst duration of order several hundred microseconds.
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• The footprint on the ground of shower particles associated with the bursts are typically ∼ 3-5 km in size.
• The shower source altitudes are typically several kilometers above ground.
• Simulation studies indicate a threshold for detection of above 100 keV for photons created at these altitudes.
• Simulation studies indicating an energy deposit consistent with showers consisting of 10 14 or more primary photons following a RREA spectrum.
Currently, both the LMA network and slow antenna electric field change instrument remain deployed at the Telescope Array site. An expansion by a factor of four in the coverage area of TASD is planned within the next several years. A plan is in place to deploy additional slow as well as fast electric field sensors covering the expanded TASD detector. This will enable us to study the relation between SD observations and the development of negative breakdown in greater detail. Combined with prolonged operation periods and continuous TA, LMA, and electric field observations, future studies will enable us to better identify and constrain the mechanisms of TGF production.
